Multilocus sequence analysis of the genus Citrobacter and description of Citrobacter pasteurii sp. nov. Species of the genus Citrobacter are considered to be inhabitants of human and other animal guts and can be found in varied environmental habitats (Borenshtein & Schauer, 2006) . In humans, several species of the genus Citrobacter are regarded as opportunistic pathogens and have been associated with various infections, including urinary tract infections, wound infections, pneumonia, abscesses, septicaemia, meningitis, endocarditis and diarrhoea (Lipsky et al., 1980; Doran, 1999; Mohanty et al., 2007; Samonis et al., 2009; Vaz Marecos et al., 2012; Chowdhry & Cohen, 2012) . Citrobacter rodentium can cause colitis and transmissible colonic hyperplasia in mice (Luperchio & Schauer, 2001 ) and uses molecular mechanisms of pathogenesis similar to those observed for enteropathogenic and enterohaemorrhagic strains of the species Escherichia coli causing diarrhoea and haemolytic uraemic syndrome in humans (Petty et al., 2011) . At the time of writing, the genus Citrobacter comprises 11 species: Citrobacter freundii (the type species of the genus), Citrobacter amalonaticus, Citrobacter braakii, Citrobacter farmeri, Citrobacter gillenii, Citrobacter koseri, Citrobacter murliniae, C. rodentium, Citrobacter sedlakii, Citrobacter werkmanii and Citrobacter youngae (Brenner et al., 1993; Frederiksen, 2005) . Since the large DNA hybridization study of Brenner and colleagues (Brenner et al., 1993), only three novel species have been described: C. rodentium (Schauer et al., 1995) , C. gillenii and C. murliniae (Brenner et al., 1999) . Identification of isolates of species of the genus Citrobacter can be tentatively achieved using biochemical profiles or matrixassisted laser desorption/ionization time-of-flight mass spectroscopy (MALDI-TOF) (Richter et al., 2013; Kolinská et al., 2014). Phylogenetic relationships based on 16S rRNA sequences distinguished three groups (Warren et al., 2000) : group I (C. freundii, C. youngae, C. braakii, C. werkmanii, C. gillenii and C. murliniae); group II (C. amalonaticus, C. farmeri, C. sedlakii and C. rodentium); and group III (C. koseri). 16S rRNA gene sequence variation provides limited
the most closely related species. Biochemical characteristics consolidated the fact that the two isolates represent a separate species, for which the name Citrobacter pasteurii sp. nov. is proposed. The type strain is CIP 55.13 T (5DSM 28879
Species of the genus Citrobacter are considered to be inhabitants of human and other animal guts and can be found in varied environmental habitats (Borenshtein & Schauer, 2006) . In humans, several species of the genus Citrobacter are regarded as opportunistic pathogens and have been associated with various infections, including urinary tract infections, wound infections, pneumonia, abscesses, septicaemia, meningitis, endocarditis and diarrhoea (Lipsky et al., 1980; Doran, 1999; Mohanty et al., 2007; Samonis et al., 2009; Vaz Marecos et al., 2012; Chowdhry & Cohen, 2012) . Citrobacter rodentium can cause colitis and transmissible colonic hyperplasia in mice (Luperchio & Schauer, 2001 ) and uses molecular mechanisms of pathogenesis similar to those observed for enteropathogenic and enterohaemorrhagic strains of the species Escherichia coli causing diarrhoea and haemolytic uraemic syndrome in humans (Petty et al., 2011) . At the time of writing, the genus Citrobacter comprises 11 species: Citrobacter freundii (the type species of the genus), Citrobacter amalonaticus, Citrobacter braakii, Citrobacter farmeri, Citrobacter gillenii, Citrobacter koseri, Citrobacter murliniae, C. rodentium, Citrobacter sedlakii, Citrobacter werkmanii and Citrobacter youngae (Brenner et al., 1993; Frederiksen, 2005) . Since the large DNA hybridization study of Brenner and colleagues (Brenner et al., 1993) , only three novel species have been described: C. rodentium (Schauer et al., 1995) , C. gillenii and C. murliniae (Brenner et al., 1999) . Identification of isolates of species of the genus Citrobacter can be tentatively achieved using biochemical profiles or matrixassisted laser desorption/ionization time-of-flight mass spectroscopy (MALDI-TOF) (Richter et al., 2013; Kolinská et al., 2014) . Phylogenetic relationships based on 16S rRNA sequences distinguished three groups (Warren et al., 2000) : group I (C. freundii, C. youngae, C. braakii, C. werkmanii, C. gillenii and C. murliniae); group II (C. amalonaticus, C. farmeri, C. sedlakii and C. rodentium); and group III (C. koseri). 16S rRNA gene sequence variation provides limited resolution to discriminate between closely related members of the family Enterobacteriaceae (Naum et al., 2008) . To our knowledge, there is no report on the phylogenetic relationships among all species of the genus Citrobacter using more resolutive methods, even though Brady et al. (2013) included five species of the genus Citrobacter. In this study, we investigated the phylogenetic structure of the genus Citrobacter, as well as species borders and intra-species genetic diversity by multilocus sequence analysis (MLSA). Strains deposited in the Collection de l'Institut Pasteur (CIP) were reidentified and the description of a novel species is proposed.
A total of 68 strains of species of the genus Citrobacter from a wide range of habitats, previously deposited in the Collection of the Institut Pasteur, were included in the study (Table S1 , available in the online Supplementary Material). Strains were cultured on trypticase soy agar (BioRad, Marnes-la-Coquette, France) at 30 uC for 24 h. Strains were examined by the conventional tests described by O'Hara et al. (2000) . Enzymatic reactions and acid production were studied by means of the API ZYM and the API 50 CH systems (bioMérieux), respectively. DNA was prepared by using a DNeasy tissue kit (Qiagen). The extracted DNA was used for PCR amplification of the rrs gene coding for the 16S rRNA, the b subunit of RNA polymerase gene rpoB, the CTP synthetase gene pyrG, the protein synthesis elongation factor-G gene fusA, and the leucine tRNA synthetase gene leuS. Primers and PCR conditions were the same as those described by Delétoile et al. (2009) . PCR products were purified using a SpinColumn PCR Product Purification kit (Bio Basic) and were sequenced on both strands on an ABI 37306l DNA analyser. Chromatograms were aligned and trimmed to defined start and end sequences using BioNumerics version 6.6 (Applied-Maths). Phylogenetic analyses were performed with the neighbour-joining method in BioNumerics based on the Jukes-Cantor substitution model. Node support was estimated from 1000 bootstrap replications. Whole-genome shotgun sequencing was achieved using Illumina's MiSeq 26250 nt paired-end strategy. Draft genome sequences were assembled using CLC Genomics workbench 7.0.3 (www.clcbio.com/products/clc-genomics-workbench/). Average Nucleotide Identity (ANI) was calculated using jSpecies (Richter & Rosselló -Mó ra, 2009 ).
The 16S rRNA gene sequence was determined for strains CIP 55.13 T and CIP 55.9 and compared with that of the type strain of each species of the genus Citrobacter (Fig. S1 , available in the online Supplementary Material). The CIP 55.13
T and CIP 55.9 sequences were 100 % identical and clustered within Citrobacter group I, as defined previously (Warren et al., 2000) . Similarity values between CIP 55.13
T and type strains of species of the genus Citrobacter ranged from 97.5 % to 99.38 %. The closest sequence was that of C. gillenii (9 differences, 99.38 % similarity), and the similarity with C. youngae was 98.92 % (14 differences). It must be noted that C. freundii, C. braakii, and C. youngae also showed more than 97 % sequence similarity among their 16S rRNA gene sequences.
Gene sequences of fusA, leuS, rpoB and pyrG were obtained and concatenated into a 2082 bp alignment used for phylogenetic analysis (Fig. 1) . The three Citrobacter groups defined on the basis of 16S rRNA gene sequencing (Warren et al., 2000) were recovered. The inclusion of multiple strains within each currently defined species of the genus Citrobacter demonstrated limited intra-specific genetic variation and clear species demarcation. Re-identification of several strains that were previously misidentified was thus achieved unambiguously (Table S1 ). C. freundii was subdivided into two strongly supported phylogenetic groups. Three strains did not fall into any species with a validly published name. Firstly, strains CIP 55.13
T and CIP 55.9 formed a distinct branch associated with C. youngae with 100 % bootstrap support. The average sequence similarity between CIP 55.13 T and C. youngae CIP 105016 T was 97.07 %. Secondly, strain CIP 106467 formed a single branch and was 97.0 % similar to its closest relative, C. werkmanii. Individual gene trees of the four genes confirmed these results (data not shown).
Previous definitions of species of the genus Citrobacter were based on DNA-DNA hybridization (DDH), but this technique has largely been replaced by ANI (Goris et al., 2007; Richter & Rosselló -Mó ra, 2009 ). We used the available genome sequence of C. freundii ATCC 8090 (accession: ANAV01.1) and determined the genome sequence of strains CIP 55.9 and CIP 55.13
T and of the type strains of closely related species of the genus Citrobacter. ANI values are presented in Table S2 (available in the online Supplementary Material). CIP 55.9 and CIP 55.13
T sequences displayed high genomic similarity (ANI599.19 %), as expected for strains belonging to the same species. The ANI values between these two strains and their closest relative, C. youngae, were 94.75 % and 94.71 %, just below the generally accepted species cut-off value of 95 % (Richter & Ró ssello-Mó ra, 2009).
Biochemical characteristics (Table 1) showed that strains CIP 55.13 T and CIP 55.9 had a specific biochemical profile within the genus Citrobacter. They differed from C. youngae by being positive for urease and b-glucosidase activities, negative for catalase and ornithine decarboxylase activities, and by producing acid from starch and aesculin.
The phylogenetic distinction of CIP 55.13
T and CIP 55.9 from C. youngae and C. freundii, their closest phylogenetic relatives, as well as their phenotypic characteristics, led us to propose that these two strains, which were originally described as C. freundii, belong to a novel species of the genus Citrobacter for which we propose the name Citrobacter pasteurii sp. nov., with CIP 55.13
T as the type strain.
Description of Citrobacter pasteurii sp. nov.
Citrobacter pasteurii (pas.teu9ri.i. N.L. gen. n. pasteurii referring to Louis Pasteur).
Gram-stain-negative, motile, non-spore-forming, short rods. Colonies are translucent, bright and approximately 1-2 mm diameter after 48 h at 30 u C on trypticase soy Strains: 1, C. pasteurii sp. nov.; 2, C. youngae ; 3, C. freundii ; 4, C. werkmanii; 5 C. braakii; 6, C. gillenii; 7, C. murliniae; 8, C. farmeri; 9, C. amalonaticus; 10, C. rodentium; 11, C. sedlakii; 12, C. koseri. The three groups, I, II, and III, distinguished by Warren et al. (2000) on the basis of 16S rRNA sequences are indicated. Group I includes C. pasteurii sp. nov., C. youngae, C. freundii, C. werkmanii, C. braakii, C. gillenii and C. murliniae; Group II includes C. farmeri, C. amalonaticus, C. rodentium and C. sedlakii, and Group III includes C. koseri. +, Positive reaction; 2, negative reaction; V, variable. The percentage of positive strains is given in parentheses when different from 100. All data are from this study. The type strain is CIP 55.13 T (5DSM 28879 T 5Na 1a T ) and was isolated from human diarrhoea, in the USA, and deposited in the Collection de l'Institut Pasteur, France, in 1955. The genomic DNA G+C content of the type strain is 51.80 %. The type strain is positive for acid production from dulticol, arbutin, sucrose and D-tagatose.
Characteristic
+ + + + V (60) 2 + + + 2 2 V (10) Dulcitol V + V (14) 2 V (40) 2 + 2 2 2 V (80) V (50) Inositol 2 2 + 2 2 + 2 2 2 2 V (80) + Methyl a-D-
